Ultra-wideband 3D imaging spectrometry in the millimeter-submillimeter (mmsubmm) band is an essential tool for uncovering the dust-enshrouded portion of the cosmic history of star formation and galaxy evolution [1] [2] [3] . However, it is challenging to scale up conventional coherent heterodyne receivers 4 or freespace diffraction techniques 5 to sufficient bandwidths (≥1 octave) and numbers of spatial pixels 2,3 (>10 2 ). Here we present the design and first astronomical spectra of an intrinsically scalable, integrated superconducting spectrometer 6 , which covers 332-377 GHz with a spectral resolution of F/∆F ∼ 380. It combines the multiplexing advantage of microwave kinetic inductance detectors (MKIDs 7 ) with planar superconducting filters for dispersing the signal in a single, small superconducting integrated circuit. We demonstrate the two key applications for an instrument of this type: as an efficient redshift machine, and as a fast multi-line spectral mapper of extended areas. The line detection sensitivity is in excellent agreement with the instrument design and laboratory performance, reaching the atmospheric foreground photon noise limit on sky. The design can be scaled to bandwidths in excess of an octave, spectral resolution up to a few thousand and frequencies up to ∼1.1 THz. The miniature chip footprint of a few cm 2 allows for compact multi-pixel spectral imagers, which would enable spectroscopic direct imaging and large volume spectroscopic surveys that are several orders of magnitude faster than what is currently possible [1] [2] [3] .
Galaxies grow through mergers and by drawing gas from their environment, while internally forming new stars and feeding matter onto their central supermassive black hole 8 .
These evolutionary processes occurred in a decadal redshift range of 1 + z ∼ 1-10. Hence, observationally studying a significant fraction of this history requires a very broad spectral bandwidth of a few octaves. The most violent phases of star-formation occur in thick clouds of dust, which absorbs the ultraviolet to optical light and reradiates this light in the far-infrared to mm-submm wavelength range, giving rise to optically-faint submm-bright galaxies (SMGs) 9 . However, spectroscopic redshift measurements and subsequent studies of the spectral lines from these SMGs are severely limited by the narrow bandwidth (up to ∼36 GHz 4 ) and small number of spatial pixels (exceptionally up to 64 pixels 10 ) of conventional coherent spectrometers, which require multiple tunings and long exposure times. Quasiop-tical spectrometers have shown wide-band performance 5 , but dispersive optical elements for the mm-submm band are large, making it difficult to scale this type of spectrometers to many spatial pixels.
The integrated superconducting spectrometer (ISS, hereafter) [11] [12] [13] is an instrument concept that was invented exactly to fill the gap between imaging and high resolution spectroscopy. The key concept of the ISS is to perform spectroscopy in a superconducting circuit fabricated on a small chip of a few cm 2 in area, using an array of bandpass filters as the dispersive element analogous to a classical filterbank for lower microwave frequencies.
The main advantage of an ISS (or grating spectrometer) over a Fourier transform spectrometer (FTS) is that it is a dispersive spectrometer, which reduces the detection bandwidth and hence photon noise contribution, giving an observing speed improvement 14 . The ISS instantaneous bandwidth is limited by the antenna bandwidth and the filter design, which allows 1:2 or even 1:3 bandwidth [11] [12] [13] 15, 16 . Many spectrometers could be integrated on a single wafer, allowing for monolithic spectroscopic-imaging focal-plane architectures. Because the detectors are incoherent (i.e., they measure only the power and not the phase), the sensitivity of the ISS is not subject to quantum noise, giving ISSs a fundamental sensitivity advantage over heterodyne receivers 5 when operated in low-foreground/background conditions typical for a space observatory 17, 18 . Key technological ingredients of the ISS have been demonstrated in the laboratory, including the filterbank 19, 20 , antenna coupling 16, 20 , and detection of emission lines from a gas cell 6 .
In this Letter, we present the first astronomical spectra obtained with an ISS, from the on-sky test of DESHIMA 6 (Deep Spectroscopic High-redshift Mapper) on the ASTE (Atacama Submillimeter Telescope Experiment) 10 m telescope 21 . DESHIMA instantaneously observes the 332-377 GHz band in fractional frequency steps of F/∆F ∼ 380, matched to the ∼330-365 GHz atmospheric window (see Fig. 2h ,i). The instrument sensitivity is photon-noise limited, reaching a noise equivalent power (NEP) of ∼3 × 10 −16 W Hz −0.5 under optical loading power levels representative of observing conditions on a ground-based submm telescope. The detailed design and laboratory characterization of DESHIMA have recently been reported 6 . Here we will focus on the on-telescope measurements.
The design and working principle of the DESHIMA ISS chip is illustrated in Fig. 1 , using the first detection of a redshifted extragalactic emission line using this technique from VV 114, a luminous infrared galaxy (LIRG). First, the lens-antenna on the chip receives the astronomical signal from the telescope and optics, and couples it to a small transmission line. The signal then enters the filterbank section that consists of 49 spectroscopic channels. Micrographs of a few spectral channels are presented in Fig. 2c -g. Each filter is a superconducting submm-wave resonator, with a resonance frequency that sets the peak of its passband. Because the signal from VV 114 contains only a single strong CO(3-2) line, only one filter intercepts the signal and delivers power to the MKID at its output. The responding channel has a passband of 1.0 GHz around 339.0 GHz, which is consistent with the CO(3-2) rest frequency of 345.796 GHz and the redshift z = 0.02 of VV 114 22 .
We evaluated DESHIMA on the ASTE telescope in the period from October to November 2017. The layout of DESHIMA in the ASTE cabin is schematically presented in Fig. 2a .
Before the measurements on sky, we verified that the instrument optical sensitivity of DESHIMA in NEP is not affected by the ASTE cabin environment, using the same hot-cold measurement technique as used in the laboratory tests 6 . The response of the MKIDs to the sky signal was calibrated and linearized using skydip measurements (see Methods: 'Calibration of the sky signal response'). The telescope beam shape and main beam efficiency were measured on Mars (see Methods: 'Beam efficiency').
We demonstrate the key applications of this instrument, as a redshift machine and as a fast multi-line spectral imager of large areas, by utilizing the on-sky measurements, which
we also analyze to demonstrate the sensitivity achieved. The first measurement of a cosmologically redshifted molecular line with an instrument of this type is shown in Fig. 1b .
The width of the line is comparable (∼0.5 GHz 22 ) to the spectrometer resolution, which is an optimum condition for achieving both high sensitivity and a wide instantaneous band for a fixed number of detectors (see Methods: 'Optimum frequency resolution'). Using a combination of a chopper wheel and slow (0.5 Hz) nodding of the ASTE telescope (see Methods: 'Position switching observations'), we obtained a CO line signal-to-noise ratio (SNR)
of ∼9 in an on-source integration time of 12.8 min. This method can be applied to targeted, wideband multi-line spectroscopy of high-z SMGs to identify their redshift and study their emission line spectra.
The second result is the successful acquisition of wideband spectral maps using on-the-fly (OTF) mapping. In Fig. 3a we show a three-color composite map of the Orion nebula, which combines channel maps of CO(3-2), HCN(4-3), and HCO + (4-3), as presented in The SNR ∝ t 0.5 on dependence shows good stability during integration. The noise equivalent flux density (NEFD) per channel has been estimated from this data set, and is presented in Furthermore, the blue bars in Fig. 4c indicate the on-sky NEFD predicted from the optical efficiency of DESHIMA measured in the laboratory 6 , in combination with the aperture efficiency we measured on Mars in this work (see Methods: 'Beam efficiency').
The excellent agreement between the instrument design, laboratory sensitivity, and onsky sensitivity shows that DESHIMA on ASTE reaches the foreground photon-noise limit.
This means that the sensitivity is limited only by the foreground photon noise and by the coupling efficiency between source and detector. The limiting factors here are the ISS chip design and the intrinsic coupling between the warm optics and the chip. and using isotropic substrates (e.g., silicon), can bring the transmission from the window to the on-chip antenna feed point from the current 0.22 to ∼0. DESHIMA spectrometer system in the ASTE telescope cabin. a, The submm signal from the ASTE telescope is coupled to the DESHIMA cryostat window with an ellipsoidal tertiary mirror (EM) and a hyperbolic quaternary mirror (HM) in a cross-Dragonian configuration. Inside the cryostat, the signal is guided to the ISS chip through an optics tube, which consists of two parabolic mirrors and a stack of low-pass filters (LPF) and baffles, a wire grid (WG) polarizer, and a final bandpass filter (BPF). The response of all MKIDs are read out simultaneously at 160 Hz through one pair of coax lines that are connected to the RF readout electronics 6 . b, The ISS chip in a copper housing. The Si lens is visible. c, Micrograph of a subset of five channels of the filterbank. d-g, Further close-up view of one of the spectral channels of the filterbank. The filter (g) is an interdigitated pattern etched in NbTiN, acting as a resonant bandpass filter. On both sides of the filter, the ground planes of the sky signal line are connected with aluminium bridges over a block of UV-patterned polyimide. Every MKID (d-g) consists of an end-shorted NbTiN CPW that couples to the filter (g), a narrow CPW with an aluminium center line (f, g)
, and an open-ended wide NbTiN CPW (d-f). The MKID is coupled to the microwave readout line near the open end (d, e). h, Atmospheric transmission at zenith as a function of frequency, calculated 30 assuming a precipitable water vapor of 0.5 mm. i, Spectral response of all 49 filter channels of the filterbank, normalized to the signal power at the entrance of the filterbank. The response (vertical axis) was measured while sweeping the frequency (horizontal axis) of a narrow-band signal which was radiated into the spectrometer from a photomixing submm-wave source 6 . , HCN(4-3) and HCO + (4-3) maps used in the RGB map. The images are continuum-subtracted. e, DESHIMA spectrum of the Orion KL region based on aperture photometry. The spectrum is plotted in the same manner as the spectrum in Fig 1b. (Many of the vertical error bars are smaller than the points.) The horizontal dashed line indicates the continuum flux at each position derived by averaging assumed, emission-free channels. f, DESHIMA CO(3-2) map (contours) of NGC 253 on a 2MASS JHK RGB image. The contour levels are 3, 6, 9, and 12σ. The position offset between the CO-brightest point and the brightest point in the 2MASS image is ∼4.5 , which is comparable to the typical pointing error of the observations presented in this Letter. The yellow dashed line shows the coverage of the DESHIMA observations. g, The DESHIMA spectrum for the CO-brightest point of NGC 253 based on aperture photometry. The 1σ noise level is derived from the map, after smoothing with the 43 -diameter circular aperture. 
METHODS

Calibration of the sky signal response
Conversion from the relative frequency response of the MKID to the line-of-sight brightness temperature of the sky (T sky ) is based on a model that uses the atmospheric transmission measured by DESHIMA itself. We conducted fast and wide scans of the telescope elevation ('skydip' observations) 22 times throughout the observing session, with an elevation range of 32
• -88
• . The PWV values were typically in the range of 0.4-3.0 mm, with a mean value of 0.9 mm, according to the water vapor radiometers mounted on each telescope of the Atacama Large Millimeter/submillimeter Array (ALMA) 31 , located in the vicinity of ASTE.
We define x as the fractional change in MKID readout resonance frequency f , from when the instrument window is facing the blackened absorber on the chopper wheel at ambient temperature T amb (Fig. 2a) , to when the instrument looks at the sky with a brightness temperature T sky thorough the telescope optics:
where η fwd = 0.93 is the telescope forward efficiency of ASTE. η atm is the transmission coefficient of the atmosphere calculated 30 from the PWV and telescope elevation, taking into account the frequency response of each channel (Fig. 2i) . We have assumed the physical temperature of the atmosphere T atm to be equal to the outside ambient temperature T amb measured with the weather monitor at the ASTE site. From a least-χ 2 fitting to the squarelaw T sky ∝ x 2 dependence for an aluminium-based MKID response 6 , we obtain a calibration model curve as shown in Supplementary Fig. S1b . We perform an iterative estimation of the PWV using all channels of the filterbank with η atm , and from that the PWV, as a single common free parameter. In this way we obtain a calibration model that has a dispersion of ∼4% for all skydip measurements. The error is significantly smaller than the initial model that directly uses the PWV from the ALMA radiometer data ( Supplementary Fig. S1a ).
This calibration model is used for all astronomical measurements reported in this Letter.
Beam efficiency
We used Mars with an apparent diameter of 3.99 and a brightness temperature T brightness = 
K
Position switching observations
For the single-pointing observations of IRC+10216 and VV 114, we oscillated the pointing of the ASTE telescope between the source position and a position 60 away from the source position in the azimuth direction, with a 2 s duty cycle. We integrated the spectrum of the target source that is contained within a circle of 11 radius (on-source position), which corresponds to an approximate half width at half maximum of the ASTE beam. We regarded the data beyond 27 from the target as off-source positions. The data were continuously recorded during the scans with a sampling rate of 160 Hz. 36 Because the frequency of the telescope nodding is lower than the typical onset of 1/f noise of the detectors 6 (∼1 Hz, corresponding to an Allan variance time of ∼1 s), the time-stream data are calibrated at 10 Hz using a blackened absorber on the rotating chopper wheel placed in front of the receiver (Fig. 2a) . We took the difference T sky − T amb at on-and off-source positions and used the standard chopper wheel calibration method 33 to correct for atmospheric absorption, and to convert T sky to antenna temperature T * a . Throughout the paper, on-source integration time refers to the total time that DESHIMA was observing the on-source position, excluding overheads for calibration.
IRC+10216
The broadband spectra of the post-AGB star IRC+10216 were taken on 16-20 November 2017. The PWV measured by ALMA was typically 0.75 mm. The observed data were reduced using De:code 34 . After the chopper wheel calibration as mentioned above, the strong continuum emission of the target was removed by subtracting the median baseline, which was estimated in the frequency range of <340 GHz and >360 GHz.
The obtained broadband spectrum is shown in Fig. 4a . The noise level of each spec- 
VV 114
The interacting galaxy pair VV 114 has been observed on 16 and 21 November 2017. The typical PWV measured by ALMA were 0.7 mm on the 16th and 0.9 mm on the 21st. The scan pattern and data reduction method were the same as for IRC+10216; the continuum emission was removed by subtracting a median baseline of the spectrum, estimated in the frequency range of <335 GHz and >345 GHz.
The broadband spectrum of VV 114 is shown in Fig. 1b . A significant emission line is detected at 339 GHz, corresponding to the redshifted CO(3-2) spectrum 22 . The peak intensity of the CO line is 8.9 mK in T * a and the integrated intensity is estimated by integrating over 337.9-341.5 GHz to be 12.4 K km s The deep integration and the simple shape of the spectrum allow us to estimate the NEFD at each channel with the jack-knife method as shown in Fig. 1b . We find that the NEFDs of all channels except for some higher frequencies achieve a good agreement with that of the theoretical prediction, as presented in Fig. 4c .
On-the-fly mapping observations
On-the-Fly (OTF) mapping observations toward the Orion KL region and NGC 253 ( sub-regions in a total on-source time of 12.5 hours, the data were combined to produce the final map of 29 by 22 . After the basic data reduction process described above, we model the common signal across all channels as a superposition of continuum emission from the source and sky foreground emission, and remove the sky contribution based on an inter-channel correlation analysis. We applied a moderate high-pass filter in the image domain in the scanning direction to remove part of the instrument and atmospheric 1/f noise, because we did not continuously rotate the chopper during this observation. Finally, we convolved the map with a 43 -diameter aperture to obtain the maps of CO, HCN, and HCO + presented in Fig. 3b-d . The spectrum at the point of Orion KL is displayed in Fig. 3e .
NGC 253
The OTF spectral map of the nearby barred-spiral galaxy NGC 253, presented in Fig. 3f ,g, was taken on 6-7 November 2017. The map size is 4.2 by 4.2 . The total on-source time was 1.7 hours. The data were reduced in the same manner as the Orion KL data, except that we used the median value of all channels to subtract the foreground sky emission. No continuum emission was detected from NGC 253, in an analysis similar to that for Orion.
The obtained 1σ noise is typically ∼5.3 mK from 335 GHz to 365 GHz. The map of the 345.53 GHz channel shows a 12.8σ detection of CO(3-2) emission from NGC 253, as shown in Fig. 3f where the DESHIMA CO(3-2) map is overlaid on a 2MASS JHK RGB image 40 .
The spectrum at this point, for a 43 aperture, is shown in Fig. 3g . The total integrated intensity of the CO(3-2) emission at the peak position for a 26.7 aperture is estimated to be 138 K km s −1 . This value is consistent with the previous measurement using a heterodyne receiver installed on the CSO 10 m telescope 41 , taking into account the difference in beam size, and the accuracy of the absolute flux calibration. The total integrated intensity of the CO(3-2) spectrum taken with CSO is estimated to be 815.6 ± 163.1 K km s −141 . Since the beam size of CSO is 21.9 , which is smaller than the DESHIMA beam, it should be corrected for comparison. If we assume that the emission is uniformly distributed over the DESHIMA beam, the total integrated intensity is corrected to be 205 K km s −1 for a 21.9
aperture. Adopting a main beam efficiency of 0.34, the total integrated intensity is thus 643 K km s −1 . This is slightly lower than the CSO value but within the margin of the uncertainty in absolute flux calibration and the distribution of source emission.
Sensitivity
The power coupled to the MKID is the sum of the power from the sky and the power from warm spillover. This is given by
where η fwd = 0.93 is the forward efficiency of the telescope, i.e. all power coupled to the sky, η inst is the coupling from the cryostat window to the MKID detector, and η atm is the atmosphere transmission given by the PWV and elevation. In Fig. 4c , we have adopted η inst = 0.02 for the model bars, based on the laboratory test 6 . B(F, T amb ) is the single polarization Planck brightness at frequency F and temperature T amb , taken identical for the ground, cabin and atmosphere. The photon noise limited noise equivalent power (NEP ph ), at the detector, is given by
Here, h is the Planck constant, ∆F is the effective bandwidth of the filter channel, ∆ Al = 188 µeV is the superconducting gap energy of aluminium, and η pb ∼ 0.4 is the pair-breaking efficiency 42 . The foreground photon-noise limited noise equivalent flux density (NEFD ph ), evaluated on-sky, has to take into account the instrument coupling, aperture efficiency η A , and the physical area of the ASTE telescope A p , and is given by
Here, the factor √ 2 accounts for the NEP being defined for 0.5 s integration time, and η pol = 0.5 accounts for the fact that DESHIMA is sensitive to a single linear polarization.
Optimum frequency resolution
Here we will show that the signal-to-noise-ratio (SNR) for a single ISS channel matched to the center frequency of an astronomical line is maximum when the channel frequency width ∆F ch is equal to the line width ∆F line , under the assumption that the measurement is limited by the foreground/background photon-noise. In the following analysis we adopt a frequency width ratio r ≡ ∆F ch /∆F line , and assume a rectangular frequency profile for both the line and the channel transmission for simplicity.
The SNR for r = 1 after an integration time of t is
Here, P line is the total power from the line absorbed by the MKID, and NEP ph is given by equation 3.
If r > 1, then P line stays constant, but the NEP increases with √ r according to equation 3, because P MKID ∝ r and ∆F ∝ r. In other words, the MKID receives more sky loading but the signal power from the line stays constant. Therefore the SNR drops. If r < 1, then P line decreases in proportion to r because the channel receives only part of the spectral power of the line. At the same time the NEP decreases but with √ r, so the net change in SNR is a decrease proportional to √ r.
From these two arguments we can conclude that the SNR for a single channel is maximized for r = 1. Now, the sensitivity loss for the r < 1 case can be recovered if one places 1/r channels per line, but this would naturally require more detectors to cover a given instantaneous bandwidth. For DESHIMA we have taken a typical velocity width of ∆V ∼ 600 km/s for bright SMGs 43 to set the frequency resolution to F/∆F = c/∆V ∼ 500. If the typical line width of the target population is known a priori, then the spectral resolution of the ISS can be optimized according to the intended applications.
Data availability
The datasets generated and analyzed during this study are available from the corresponding author on reasonable request.
Code availability
The Supplementary Fig. S1 .
Conversion from the relative MKID frequency response x to sky brightness temperature T sky . a, Sky temperature T sky as a function of relative MKID frequency shift x for a representative filterbank channel. x is defined relative to when an ambient temperature black body is loading the beam coming out of the cryostat:
The analysis is based on time-dependent PWV values taken directly from the ALMA radiometer 31 without any correction. Each solid curve is taken with one skydip measurement. The dashed curve is a square-law fit to all measurements. b, Improved calibration model, after an iterative parameter fit which takes the PWV as a fitting parameter that is common to all filterbank channels. 
Supplementary Note 1. MAIN BEAM SIZE AND EFFICIENCY
We measure the main-beam shape and efficiency on a Mars image where Mars cannot be considered as a point source (i.e., Ω source Ω MB , where the former and latter are the solid angles of the source and the main beam, respectively). The Mars image is produced by putting time-stream data, which are already flux-calibrated by the standard chopper-wheel method, into 2-dimensional pixels ( Supplementary Fig. S2a ). Then we fit a 2-dimensional Gaussian to this continuum map to measure the intrinsic beam size and amplitude. We obtain a peak antenna temperature of T * a = 1.06 ± 0.1 K and the half-power beam width (HPBW) of 31.4 ± 2.8 by 22.8 ± 3.1 with a position angle of 145 degrees. The beam radial profile is presented in Supplementary Fig. S2b . The antenna temperature is related to the main beam efficiency as the equation
where P n is the power pattern, Ω MB and Ω source are the solid angle of main beam and the source, respectively, and η MB is the main beam efficiency. The solid angle of an elliptical main beam is expressed as Ω MB = πθ major θ minor 4 ln 2
, where θ major and θ minor are the FWHMs of the main beam measured along the major and minor axes, respectively. We regard the brightness distribution of Mars as a disk with a uniform intensity of T brightness = 210 K and an apparent diameter of 3.99 , and obtain η MB = 0.34 ± 0.03 at 350 GHz.
Supplementary Note 2. JACK-KNIFE ESTIMATION OF THE NOISE LEVEL
Since each MKID is an independent detector, the noise level of each ISS channel is determined by applying an iterative integration method with random sign inversion (the jack-knife method). In this method we apply the following steps to the time-stream data of each channel, independently. First, we subtract the time-integrated signal of the source from the entire time-stream data. Then we divide this source-subtracted time-stream data into blocks that contain one cycle of the telescope nodding, and randomly invert the sign of the signal cotained in each block. The time-integration of this randomized set of data yields a single estimation of the source-subtracted intensity of each channel. We repeat this process for 100 times, and use the standard deviation as the estimation for the noise level at that channel. The channel-dependent error of the broadband spectra of VV 114 and IRC+10216
as shown in Fig. 1b and Fig. 4a , as well as the NEFDs shown in Fig. 4c , are determined using this method.
